Abstract-Geometric optical reflectance models provide a physical linkage between image data and forest structure. We developed a "Multiple-Forward-Mode" pseudoinversion modeling approach to produce structural lookup tables for Landsat Thematic Mapper images before and after 1993 partial harvests in New Brunswick Canada. Modeling results validated for stand density, crown radius, and stem counts enabled simple forest structural change detection.
II. REFLECTANCE MODELING

A. Geometric Optical Reflectance Models
Geometric optical reflectance models provide a powerful basis for understanding the interactions of solar radiation with forest stands as a function of the physical dimensions and structure of forest canopies [8] . These reflectance models characterize forest stands as being comprised of the canopy, their shadows, and background forest floor material [9] . The spectral properties of these individual components (or endmembers) are required inputs to these models [10] . The objects (modeled trees) are described in terms of characteristic shapes and defined spatial dimensions and crown geometry [11] . These objects and the set of spectral component properties are distributed over an area equivalent to the instantaneous field of view (IFOV) of an airborne or satellite sensor (i.e., pixel spatial resolution). Within the IFOV, different magnitudes of tree densities and spatial patterns of trees can be modeled. A full range of solar illumination and sensor view angles can be simulated, while terrain variations such as different slopes and aspects can also be accounted for [12] .
B. Forward and Inverse Modeling
In general, these models can be used in either forward or inverse mode [8] . In standard forward mode, pixel reflectance values are output in each spectral band, together with a set of scene fractions (percent sunlit canopy, percent sunlit background, and percent shadow within individual pixels), based on inputs of tree dimensions and stand density. In inversion mode, image pixel values are input to the model, with physical stand attributes output. For physical-structural analyses, model inversion is desirable; however, this can be complex with sometimes nonexact or no solutions, as well as being computationally intense. Further, some of the more sophisticated models are not invertible, due to their complexity (e.g., 5-Scale [13] ).
C. MFM
To address this, we developed a different approach to running these models in MFM. In MFM, the requirement for specific physical dimension and form inputs is relaxed, since only a range of values is required. For example, instead of specifying exact values for crown radius and tree height (which may be impractical or unavailable), the user need only specify a range of values and a model increment. These ranges are easily provided for a given area or region from baseline inventories, field 0196-2892/03$17.00 © 2003 IEEE data, or published literature. Alternatively, broader ranges can be specified or theoretical minima and maxima used such that the approach is not constrained to require information specific to a given location or area. The model is then run multiple times in forward mode for each possible combination of physical canopy descriptors where, for a given physical input, all values are considered throughout the range with respect to a specified increment step. MFM runs execute rapidly and produce a set of output reflectance values stored in a lookup table (MFM-LUT). For a given MFM model run, the structural parameters used to produce each reflectance value are retained in the MFM-LUT. For each satellite pixel reflectance value from the digital image, the MFM-LUT is searched to identify matching reflectance values as generated by the model. If there are no matches, a thresholded proximity rule is used in spectral space, while any multiple matches are resolved using simple measures of central tendency that may optionally be further constrained with respect to computed scene fractions. The forest structure parameters from the model that are associated with the matched reflectance values constitute the forest structural output of interest. Using this MFM approach, a pseudoinversion modeling capability is achieved without explicit model inversion, which is particularly appealing for noninvertible models.
III. EXAMPLE APPLICATION
A. Study Area and Dataset
The study area is located in the Fundy Model Forest, on the north shore of the Bay of Fundy, New Brunswick, Canada. This is an active forest management area of coniferous, deciduous, and mixed-wood forest stands set within the Acadian Forest Region [14] . Based on available inventory data, field observations, and spectral data, areas of partially harvested stands within 150 ha of red spruce dominant forest were identified for study. All partial harvesting in these areas was performed in 1993, in which one third of the basal area was removed using mechanical harvest machinery.
Two Landsat Thematic Mapper (TM) images were acquired August 7, 1992 (preharvest) and September 6, 1997 (postharvest) over the study area. An atmospheric correction was applied to both images to derive surface reflectance values, and the images were coregistered and geometrically corrected to a reference UTM grid. Field spectral measurements [15] of forest component endmembers were obtained from a field spectroradiometer with reference to simultaneous irradiance spectra of a calibration panel to facilitate reflectance processing [16] for use with the satellite and modeled reflectance values.
B. MFM Modeling
The MFM approach is suitable for any canopy reflectance model, and runs using two separate interface modules. In this work, the Li-Strahler [12] geometric optical mutual shadowing (GOMS) model was used, since its ellipsoid representation of tree crowns has been shown in previous work [11] to be superior to other crown geometrical forms such as cylinders and cones [8] - [10] , [17] . The GOMS model also deals with complex crown shadowing over broad stand density gradients and at higher solar zenith angles that characterize northern forests, as well as being suitable for coupled, regional scale classification and biophysical estimation algorithms [18] - [20] .
A set of MFM input ranges was selected to parameterize the GOMS model with reference to knowledge of the area and geographical information system (GIS) forest inventory data. Since it is known that stand density and horizontal crown dimension are key controlling factors that influence forest stand reflectance [21] , these parameters were analyzed in detail. The MFM-GOMS model inputs for stand density ( ) were varied from 0% to 100% in 10% intervals, while horizontal crown radius ( ) was varied from 0.5-3.0 m according to the GIS forest inventory. The remaining structural model inputs deal with vertical tree dimensions such as vertical crown radius, height to center of crown, and height distribution, all of which have much less influence on forest reflectance [21] . This was confirmed by a series of model runs in which each was systematically varied and the resulting reflectances evaluated over a range of stand densities. Accordingly, vertical tree dimensions were held constant to facilitate direct study of the stand density and horizontal crown dimension parameters of interest.
IV. RESULTS
A. Stand Density and Crown Dimension Estimates
Horizontal crown radii ( ) were plotted against stand density ( ) for MFM-GOMS model reflectance values that matched the Landsat reflectances of the red spruce stands (Fig. 1) for the preharvest and postharvest TM images. For 1992, matches occurred at stand densities between 30% and 90%, with modeled crown radii decreasing from 2.00-0.75 mwith increasing stand density. For 1997, modeled and TM reflectance matches occurred at a different range of stand densities ( 20% to 60%) and horizontal crown radii ( 3.00-0.50 m) compared to 1992, owing to the partial harvesting performed in the intervening years. For both years, the variability of decreased with increasing stand density.
From the partial harvest, it is known that these forest stands were subjected to a one-third thinning in stand density between the 1992 and 1997 TM image dates. However, the horizontal crown radii of the remaining unharvested trees in 1997 were virtually unchanged from 1992 for these even-aged red spruce stands, since five years of growth produced only a very small increase in horizontal crown dimension across a given mature stand (a small growth adjustment factor was applied to model results to account for this, based on projected vertical growth). This provided a basis to derive the final modeled stand density estimates for both years by comparing horizontal crown radius results at a given 1992 stand density to those obtained in 1997 at the stand density corresponding to the known rate of one-third thinning. For example, the modeled result for at 45% in 1992 would be compared to the value at 30% in 1997: if the values were unequal, this set of results was eliminated from the pool of potential structural values. The result of this analysis is shown in Fig. 1 , in which 1992 stand densities are plotted on the axis with their correspondingly reduced (thinned) 1997 stand density values. The only point of intersection of modeled horizontal crown radii occurs at 1.10 m at a modeled preharvest stand density of 75% (1992) and postharvest (1997) stand density of 50%. At all other stand densities, the modeled values were different for each date and therefore violated the known equivalency of horizontal crown radii for trees from 1992 to 1997. Accordingly, the MFM-GOMS model results were determined for 1992 and 1997 as 75% and 50% stand density, respectively, with a horizontal crown radius of 1.10 m. In terms of validation, it is known from the Fundy Model Forest GIS forest inventory that the range of red spruce stand densities in this area was 30% to 50% in 1997, and 45% to 75% in 1992. The modeling results of 50% (1997) and 75% (1992) were consistent with the higher end of these forest inventory ranges. The horizontal crown radius results were validated with respect to allometric equations that related 1992 inventory tree heights to crown width, yielding a horizontal crown radius of 0.96 m, for which our modeled result of 1.10 m was in good agreement.
B. Stem Count Estimates
The stand density and horizontal crown radius estimates for 1992 and 1997 were used to derive estimates of stem counts from the preharvest and postharvest satellite imagery. This was done by first calculating the total area of trees in a pixel as a function of modeled stand density ( ) and the pixel size ( 900 m for 30-m Landsat TM pixels) as (1) and then deriving a stem count estimate ( ) for pixels, subsequently converted to hectares, as a function of and individual 
Independent field-based stem counts for this area were estimated at 1800 stems/ha (1992) and 1200 stems/ha (1997), for which the modeled results (Table I) of 1995 stems/ha and 1249 stems/ha, respectively, were in good correspondence.
C. Forest Structural Change Detection
In Table I , a summary of all major results is provided, together with calculations of structural change from 1992 to 1997 from both the modeling results and the independent validation data. The overall modeled change in stand density was estimated to be a 25% reduction, which is within the range of inventory information. From field data, the partial harvesting produced a reduction of 600 stems/ha, while the model estimated 746 stems/ha reduction. This represents a significant result using regionalscale satellite imagery such as Landsat TM, since most previous stem count studies using optical remote sensing have required high spatial resolution airborne imagery for which direct crown delineation and stem counts were possible over limited areas.
V. CONCLUSION
By using a geometric optical reflectance model with an MFM lookup table approach, quantitative, physical information has been provided that relates satellite spectral response to forest structure. The inputs to the MFM approach are less stringent and easier to specify compared to standard forward or inverse mode methods. This is because only a range of input stand dimensions is required, instead of exact model inputs. MFM modeling results for 1992 and 1997 were, respectively, 75% and 50% stand density, and 1995 stems/ha and 1249 stems/ha, with forest structural change estimated as reductions of 25% stand density and 746 stems/ha due to forest partial harvesting, all of which were in good correspondence with independent forest inventory and field information. The MFM approach provides structural outputs similar to model inversion and is suitable for any canopy reflectance model including complex sophisticated models that are not otherwise invertible.
